Introduction
Ultrasound (US) elastography is a cutting-edge imaging modality that facilitates the evaluation of parenchymal viscoelasticity by quantifying the stiffness of soft tissues. This technique is an easily accessible, non-invasive ultrasound technique with real-time results that can be divided into two subgroups: one in which the force is applied to the tissue within the region of interest (ROI) by manual compression in strain elastography, and the other in which an acoustic wave produced by a transducer is used for compression in shear wave elastography (SWE). The standardization of tissue compression can be more precise using the shear-wave technique rather than strain elastography because the compression of the textures can be achieved using repeatable and equalized electronic acoustic waves. Acoustic radiation force impulse (ARFI) elastography is an up-to-date shear-wave technique that can measure the velocity of tissue strain wave scatter perpendicular to compression direction, which is generated by the compression of ARFI. Additional velocity-scale based colorization of ROIs fused in B-mode-images can also be composed [1, 2] . The main principle of the technique is that the level of tissue stiffness is proportional to the relevant SWV value. The unit for this velocity is m/s, and the velocity equals the square-root of the tissue elasticity [3] .
Few studies have been published aiming at investigating the feasibility of SWE for evaluating testicular pathologies, and those studies were limited to neoplastic processes [4] [5] [6] [7] , infarction [4, 8, 9] , torsion [10] , or orchitis [7] , and differentiating between these pathologies [7, 11, 12] . Testicular elastography investigations in clinical practice were mostly focused on masses. Increases in stiffness due to neoplastic testicular lesions [4] [5] [6] and decreases in stiffness from benign testicular processes, such as orchitis and infarction, have been reported [4] .
To the best of our knowledge, there are only a few studies investigating the relationship between testicular strain elastographic evaluation and male fertility [13, 14] . However, a study demonstrating a correlation between mean testicular stiffness and sperm quantification analyses has not yet been published. In this study, we aimed to evaluate the reliability of mean testicular stiffness quantification using SWE for predicting male fertility potential and for the pre-diagnosis of disorders based on sperm quantification.
Material and methods
This study was approved by the Van Yuzuncu Yil University Ethics Committee. Written, informed-consent was obtained from all individuals included in the study.
Between February 2014 and April 2015, 137 patients referred to the urology department with a pre-diagnosis of infertility and 10 individuals without any infertility complaint and with normospermia at sperm analysis were initially included in the study. The World Health Organization (WHO) defines infertility as "a disease of the reproductive system defined by the failure to achieve a clinical pregnancy after 12 months or more of regular unprotected sexual intercourse" [15] , and the included individuals met these criteria. Thirty four cases with inguinal hernia, hydrocele, acute-past genitourinary trauma, acutechronic scrotal infection, unilateral/bilateral undescended testis, and ejaculation failure (aspermia) due to a potential obstructive issue were excluded. At ultrasonographic (US) evaluation, five patients with a testicular mass and eight patients with atrophic testis (six unilateral and two bilateral) were additionally excluded from the cohort and finally 100 males between the ages of 19-49 with a mean age of 28.77±6.11 years were ultimately included.
In all cases grey-scale conventional US, SWE examination, and Doppler US were performed.
B-mode US examination
Scrotal grey-scale US was performed by a radiologist (A.Ya.), with 12 years of experience in conventional US and 4 years of experience in SWE, using 4-9 MHz linear probe (Model 9L4). The machine (Acuson-S2000, Siemens Medical Solutions, Mountain View, CA, USA) parameters were kept constant by using the "factory preset" for "testis/thyroid" evaluation, and the focus level was standardized at the middle portion of the testes.
The volume (measured automatically by using the distances of three largest dimensions of testis) of each testis were recorded. The mean testicular volume of each individual was calculated. The mean testicular volumes of four sub-groups, which were composed upon the semen analyses results, were calculated (see the "Semen Analysis" section below).
SWE examination
Following B mode US examination, the shear-wave velocity quantification (SWVQ) was performed. An ARFI technique combined with "virtual-touch-tissue-imaging-quantification" (VTIQ) software (Siemens Healthcare, Erlangen, Germany) was used. The transducer was touched laterally to minimize operator-dependent pressure on the testicular tissue. SWVQ was performed individually for each pole in the axial plane, including the ⅓ upper, ⅓ lower, and ⅓ central regions of the testes. The SWVQ method is explained in detail in figure 1 . The ROI to form the color-coded SWV map was initially set to completely involve the axial section of the examined testis tissue (upper ⅓ of the right testis in this example); the color-coded SWV maps displaying a spectrum of colors for the related SWV values were generated, and on the left side of this relative SWV-based color-coded map there is a color scale from blue to red representing the SWVs of 0.5 to 6.5 m/s (operator-dependent). Then six pin-point-ROIs in VTIQ with dimensions of 1 mm × 1 mm [16] that provided the related SWV values were placed in the shape of a 3×2 chessboard formation, and the SWV values within the ROIs were automatically quantified in meters per second (m/s). If there was unclear demarcation of the testicular borders following color-coded shear-wave-velocity map generation, a greyscale shear-wave velocity map accompanied with a synchronized/side-by-side B-mode US image was produced to generate a more accurate positioning of ROIs within the testicular tissue. This technique involved alternative software for SWVQ, which provided an approach to see the pin-point-ROI locations in both grey-scale elastographic and B-mode images simultaneously. While using this software, only a grey-scale elastographic map with similar ranges of 0.5 to 6.5 m/s (operator-regulated) could be generated instead of the color-coded map. To reveal a more accurate mean shear-wave velocity value (SWVV) of each testis, quantifications were repeated three times for each region, and 18 SWVVs from each ⅓ section of the testis (6×3=18) were obtained (fig 2) . The mean SWVVs of upper-central and lower sections of testes were consecutively averaged to calculate the final mean SWVV of each testes. The mean SWVV of the right and left testes was then averaged to determine the mean testicular SWVV for each individual (the mean testicular-SWVV of the sole testis was accepted as the mean SWVV value of the patient in four cases with unilateral orchiectomy).
Doppler US examination Doppler US was performed after the SWVQ session to remove any potential effect of straining/Valsalva maneuver on testicular stiffness. The widest enlarged vein and any reflux from the plexus pampiniformis during normal respiration and/or Valsalva maneuver as well as increases in vein diameters during the Valsalva maneuver were determined, if present. Finally, varicocele was classified using the grading system developed by Sarteschi [17, 18] .
Semen analysis
Patients were instructed to abstain from sexual activity for 72 hours and to self-collect a semen sample. The semen analysis was obtained twice from each patient and analyzed within 1 hour. The entire sample analysis was conducted by the same lab technician to avoid inter-laboratory variation. Semen volume, sperm count per milliliter (million/ml), total and progressive motility percent (%), morphology, and vitality percent (%) were measured. WHO 2010 reference limits [19, 20] were used to interpret the results. The patients were divided into four semen analysis based sub-groups (SABSs) according to their semen-analysis parameters: 1) azoospermia (defined as the complete lack of spermatozoa in the ejaculate); 2) oligozoospermia (<15 million sperm/ml); 3) normospermia with decreased motility and agglutination (≥15 million sperm/ml with progressive motility <32% or with progressive + non-progressive motility<40%); and 4) complete normospermia.
Comparison/correlation and Receiver-OperatingCharacteristic (ROC) analysis Statistical comparisons of mean testicular SWVVs and mean testes volumes between the four SABSs were made. The determination of correlation coefficient values (r) from correlation analysis among the mean testicular SWVVs, testes volumes, patient ages, and sperm-counts were separately evaluated. Additionally, ROC analysis was separately applied to reveal a cut-off value for mean testicular SWVV for differentiating individuals with normal sperm counts from individuals with reduced sperm counts (azo-, olidospermia).
Finally, the comparisons between subgroups with variable grades of varicocele (grades 0 to 3) were evaluated in terms of mean testicular SWVVs.
Intra-and Inter-operator variability analysis in terms of mean testicular SWVQ:
To determine the intra-and inter-operator variability for mean testicular SWVQ, the mean testicular SWVVs were re-quantified in twenty arbitrary males selected by the initial radiologist (A.Ya.) and by a different ra-diologist (A.Yo.) who had six years of expertise in conventional US and two years of experience with SWE. The mean difference and the correlation coefficients (r) between intra-(between A.Ya.'s initial and repeated SVWQ) and inter-operator (between A.Ya.'s initial and A.Yo.'s SVWQ) SWVQ data were determined.
Statistical Analysis
Descriptive statistics for the studied variables (or characteristics) were presented as the mean, standard deviation (SD), minimum, and maximum values. Oneway analysis of variance (ANOVA) was performed to compare the mean values of these parameters within the described sub-group. Following ANOVA, a Duncan multiple comparison test was used to determine differences among the means. Pearson-correlation-analysis was carried out to examine linear relationships among the variables. The "correlation coefficient" value that indicates the direction and strength of the relationship between two variables was established. A positive value reflected a direct proportional relationship, and a negative value reflected an inverse proportional relationship, and "0" (zero) reflected unrelated variables. To distinguish subgroups according to semen analysis, cut-off values of mean testicular SWV values were determined by ROC analysis. Statistical significance was considered to be p<0.05. SPSS (ver.13) statistical software was used for all statistical computations.
Results
The distribution of the enrolled patients in the 4 groups, the mean age, mean testicular volume, and mean SWV are detailed in table I. No statistically significant difference between the mean ages of groups was found (p>0.164). The comparison of the mean testis volumes among SABSs revealed that the mean testicular volume in group 1 (azoospermia) was significantly lower than that of the other three groups (p<0.001). The highest mean SWVV was found in group 1 and the lowest in group 4 (p<0.05). The cut-off values for mean testicular SWVQ to distinguish the population with a normal sperm count (group 3 and group 4) from both azoospermia (group 1) and oligozoospermia (group 2) were determined to be 1.465 m/s (75.0% sensitivity and 75.0% specificity) and 1.328 m/s (64.3% sensitivity and 68.2% specificity), respectively. Additionally, the cut-off value for the mean testicular SWVQ to differentiate azoospermia (group 1) from oligozoospermia (group 2) was 1.528 m/s with 66.7% sensitivity and 60.7% specificity.
Overall, 196 testicles from 100 patients (4 patients had unilateral orchiectomy) were examined. For the whole cohort, the mean testicular SWVVs had strong negative correlations with the mean testicular volume (r=-0.565, p<0.01) and sperm-count (r=-0.399, p<0.01). The mean testicular volume had a strong positive correlation with the sperm-count (r=0.491, p<0.01) and moderate with the age (r=0.295).
We found grade 1-3 varicocele in 11, 6, and 24 testes, respectively (41 testis in 36 patients). No statistical relationship between the presence or the grade of the varicocele and the mean SWVVs of testes was found (p=0.319).
The mean differences regarding SWVQ between the intra-and inter-operator measurements were 0.185±0.125 m/s and 0.139±0.102 m/s, respectively. The correlationcoefficients for intra-and inter-operator data in terms of SWVQ were 0.913 and 0.938 (p<0.01), respectively.
Discussions
There have been few physiological studies in which correlations between the testicular volume, testicular SWVV, and age were reported. Di'Anastasi et al found a positive correlation between advanced age and testicular SWVVs and their result was attributed to the increase in testicular stiffness with aging. The age-dependence of testicular stiffness and the decrease of stiffness in the upper pole of the testis compared to the center and lower poles were also reported [21, 22] . In our study, a similar negative correlation between the mean testicular volume and advanced age, and a mild positive correlation between the mean testicular SWVV and advanced age were revealed. Additionally, there was a strong negative correlation between the testicular volume and mean testicular SWVV. One of the expected results in our study was the mild negative correlation between advanced age and the sperm-count (r=-0.124), similarly to previously published studies [23, 24] . A recent study concluded that SWE can be used to assess testicular tissue hardness both qualitatively and quantitatively, supporting the usefulness of the technique for evaluating various aspects of spermatogenesis disorders [11] . However, this study focused on more controlled experiments with laboratory animals rather than humans. Specifically, the researchers focused on effects of torsion on testicle stiffness and spermatogenesis in rabbits. They found increased stiffness values and decreased spermatogenesis after following different artificial torsion protocols [11] . Although the design of this study differed from ours, a strong negative correlation between the sperm count and mean testicular SWVVs was also established in our study, which suggests that the pathological changes in testicular tissue that led to a decrease in sperm quantity were mostly correlated with an increase in testicular stiffness. According to our results, the testicular tissue hardens and testicular volume decreases with increasing age. The development of tubular involution with increasing age is similar to changes after experimental ischemia, which suggests that vascular lesions may play an important role in age-related testicular atrophy [25] . To test this hypothesis, future studies are required to investigate if the color-coded SWVQ maps used in our study can be used as guides for particular testicular intervention procedures, such as extracting testicular sperm with sufficient quality through "testicular target tissue sampling".
MacLeod et al [26] and Handelsman et al [27] demonstrated that there is a positive correlation with the testes volumes and sperm counts. The same conclusion was drawn in our study and additionally, a significant decrease in testes volume was found in patients with azoospermia and oligozoospermia compared with patients with normal sperm.
We excluded from the study group patients with aspermia due to obstructive causes in order to minimize the potential effects of sperm engorgement on testicular SWVQ. Li et al compared the strain ratio of testes from three cohorts, including a control group and two groups of individuals with azoospermia due to obstructive (aspermia) and non-obstructive etiology [28] . The investigators concluded that a significantly higher rate of average or lower strain values occurred in 81.7% of testes with non-obstructive azoospermia compared to the values for the obstructive azoospermic (aspermia) testes and control testes (16.3% and 15.0%, p <0.001). The patients with obstructive azoospermia (aspermia) had only a mildly decreased of the strain ratio (closer to normal), which indicates that testicular tissue can protect itsself in patients with aspermia but not in non-obstructive azoospermia patients. These results are a partial match for our results because the highest SWVVs were encountered in patients with azoospermia (group 1) compared to those of the control group (group 4).
Although the mechanism by which varicocele affects fertility is poorly understood, varicocele is one other potential cause for infertility in males that seems to help damage or kill sperm [29] . Unilateral and unpalpable (sub-clinic) varicocele with reduced testicular volume were determined to be predictors for unsuccessful surgical treatment in terms of post-operative paternity rates [30, 31] . However, the testicular stiffness was not investigated for the issue of fertility. Although Dede et al revealed decreased stiffness of testicles in patients with variable grades of varicocele [32] , there was no statistically significant relationship between the presence or grade of the varicocele and mean testicular SWVV in our study, which was similar to the results of Rocher et al [33] . The effects of varicocele on fertility are mostly based on temperature rise [34] and mild testicular flow disorder [35] , which can be fatal for the spermatozoa. These effects are temporary because the sperm count and motility were found to increase after surgical repair [35] . This explanation is supported by the lack of significant change in quantitative testicular stiffness values between the patients with various grades of varicocele (grades 0-4), which was demonstrated by our study (all patients in our study had an initial diagnosis of infertility and possibly had short-or midterm varicocele, yet these details were not investigated for participants enrolled in the study of Dede et al). The difference between the quantification techniques could also be explained by the discrepancy between the study of Dede et al and our study: VTIQ-SWV quantification was used in our study and VTQ-SWV quantification was used by Dede et al. Studies that compare the pre-operative testicular SWVVs and the surgical treatment outcomes in terms of paternity and varicocele are still needed.
There were limitations to our study. The testicular SWVQ was performed using a VTIQ-SWV quantification technique based on multiple pin-point-ROIs, which means that this method had a "sampling" design instead of averaging the whole testicular tissue within a manually created ROI. Future technology developments in SWE will likely be capable of automatically calculating the SWV of a user-defined area or the volume of the inspected tissue and will result in more accurate conclusions. In addition, although it was determined that the pathogenesis of decreased sperm count arises from abnormality in the control mechanism of sperm production at the pre-testicular, testicular, or post testicular level [36] , our study focused on the testicular level, and there was no investigation of the genital tract or potential pretesticular causes that are characterized by inadequate stimulation of otherwise normal testicles (for example, the serum hormone parameters that can potentially affect the semen analysis results were not examined), and the aspermia cases with obstructive etiology (post-testicular azoospermia in which the sperm are produced but not ejaculated) were excluded. Another limitation of the study is the potential effect of the user-based transducer compression on testistissue, which can lead to errors in SWVQ. In our study, the transducer was touched laterally to the testes instead of perpendicularly to minimize the influence of the user. In this study, the mean testicular SWVQ value for four patients with unilateral orchiectomy was accepted to be the same as the mean testicular value of the sole remaining testis. This decision might affect the accuracy of the results of our study. However, there is an interesting purpose for a new prospective study to determine whether the potential effects of a unilateral orchiectomy on fertility, which could be estimated using pre-operative elastographic examination of the contralateral testis.
Conclusion
Our study revealed that testicular stiffness quantification using SWE can be an effective method for predicting male fertility and pre-diagnosing infertility disorders, especially those based on sperm quantification. However, elastography is not a complete alternative for semen analysis. In conclusion, SWE, as a non-invasive, easily applicable and repeatable imaging method, has the potential to be a reliable sonographic modality for the diagnosis and follow-up screening of infertility pathologies in male.
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